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Lack of relationship of potential difference to fluid absorption in
the proximal renal tubule. Fluid absorption by isolated perfused
rabbit proximal convoluted tubules is accompanied by an elec-
trical potential difference (PD), negative in the lumen, when the
tubule is bathed by rabbit serum and perfused with an ultra-
fitrate of that serum. In contrast the PD is positive when the per-
fusate composition approximates that of fluid in the late proxi-
mal tubule in vivo, which lacks glucose, amino acids and bicar-
bonate. The principal purpose of the present studies was to in-
vestigate the characteristics of fluid absorption under these con-
ditions. Proximal convoluted tubules were dissected from rabbit
kidneys and perfused in vitro. When the PD was positive, the
mean net fluid absorption was 81 nI mm-1 min'. The positive
PD is caused by a chloride concentration difference across the
tubule epithelium (higher in the lumen than in the bath).
Elimination of the chloride concentration difference by replacing
the bicarbonate in the bath as well as in the perfusate with chlo-
ride caused the PD to fall to zero without a significant change in
the rate of fluid absorption. Therefore, neither the positive PD
nor the chloride concentration difference is significantly related
to the fluid absorption. Ouabain inhibited fluid absorption under
all of the above conditions, making it likely that the fluid absorp-
tion is due to active sodium transport. Although the results are
consistent with the generally accepted view that active sodium
transport is a major driving force for fluid absorption, the me-
chanism of anion (chloride) transport is uncertain owing to the
lack of correlation between fluid absorption and the transepi-
thelial PD.
Absence de relation entre Ia difference de potentiel et l'absorp-
tion de liquide dans le tube proximal renal. La reabsorption de
liquide par Ic tube contourné proximal (de lapin) isolé et perfuse
est contemporaine d'une DDP, lumiêre negative, quand le tube
est baigné par du serum de lapin et perfuse avec un ultrafiltrat
de ce même serum. Au contraite Ia DDP est positive quand Ia
composition du perfusate est voisine de celle du liquide contenu
dans Ic tube proximal tardif in vivo, lequel est dépourvu de
glucose, d'acides aminés et de bicarbonate. Le but principal de
ce travail est d'étudier les caractéristiques de l'absorption de
liquide dans ces conditions. Des tubes contournés proximaux
ont été dissequés a partir de reins de lapins et perfusés Iii vitro.
Quand Ia DDP est positive, l'absorption moyenne de liquide est
de 0,81 nl. mm'. min1. La positivité de Ia DDP est liée a une
difference de concentration de chiore de part et d'autre de
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l'épithélium tubulaire (plus grande dans Ia lumière que dans Ic
bain). La suppression de Ia difference de concentration du chlore,
obtenue en remplacant Ic bicarbonate du bain et du perfusate par
du chlore, determine Ia chute de Ia DDP a zero sans modification
significative du debit d'absorption du liquide. Ainsi ni Ia DDP
positive ni Ia difference de concentration de chlore ne sont signi-
ficativement liées a I'absorption de liquide. L'ouabaIne inhibe
l'absorption dans les conditions décrites ci-dessus, cc qui rend
vraisemblable que l'absorption de liquide soit due un transport
actif de sodium. Bien que ces résultats soient en accord avec Ia
notion généralement acceptée que Ia reabsorption active de
sodium est Ia force motrice principale de l'absorption de liquide,
le mécanisme du transport anionique (chiore) est incertain du
fait de l'absence de correlation entre l'absorption de liquide et Ia
DDP transépithéliale.
The mammalian proximal convoluted tubule re-
absorbs the bulk of the glomerular filtrate. It has been
assumed that active sodium transport provides the
driving force for net fluid absorption since sodium
transport from lumen to blood occurs against an
electrochemical grandient in viva and in vitro. This has
been deduced from the following observations: 1) The
transepithelial potential difference (PD) is negative
within the lumen. Although the magnitude of the
transtubular PD has been disputed, recent studies in
isolated rabbit proximal tubules bathed in serum and
perfused with ultrafiltrate of serum have established
the presence of a negative intraluminal PD of approxi-
mately 4.0 my [1—5]. There are also preliminary reports
indicating a negative PD in vivo measured by micro-
puncture under free flow conditions in the early proxi-
mal tubule of the rat [6, 7]. The negative PD has been
thought to account for the passive movement of
chloride along the electrical gradient and of water
along the resulting osmotic gradient within the tissue
[8]. 2) The sodium concentration in the lumen of the
proximal tubule falls below that of the plasma or bath
when net fluid absorption is restricted by mannitol in-
fusion in the rat in vivo [9] or by addition of raffinose
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to the ultraftitrate perfusing the rabbit proximal tubule
in vitro [10]. The fall in Na concentration despite an
opposing PD is the strongest evidence for active Na
transport. 3) The PD and associated fluid absorption
are reversibly inhibited by ouabain [1—5, II, 12], a
putative inhibitor of active sodium transport. Although
it is recognized that the action of ouabain may not be
specific for sodium, but could involve other ions [13—
17], the effects of ouabain have generally been attri-
buted to an action on Na transport and will be so
considered throughout this paper. 4) The short circuit
current calculated from the PD and electrical resist-
ance is approximately equivalent to the rate of net
sodium transport [5, 18—20].
Since the conclusion that there is active Na trans-
port is largely predicated on the finding of a negative
PD, the recent report that the PD may be zero or
positive under conditions assumed to be physiological
is of special interest. Kokko [4] observed that the PD
in vitro was negative in the lumen when a tubule was
bathed in rabbit serum and perfused with an artificial
solution resembling ultrafiltrate of serum. When glu-
cose and amino acids were omitted from the perfusate,
however, the PD fell to zero. When in addition bicar-
bonate was replaced by chloride in the perfusate, the
PD became positive in the lumen. He pointed out that
the latter condition should prevail in the late proximal
tubule in vivo, since the concentrations of glucose,
amino acid and bicarbonate in the lumen are all re-
duced at that point and that of Cl is elevated. In pre-
liminary reports others have concluded that the PD is
also positive in the lumen of the distal portions of the
proximal convoluted tubule of rats in vivo [6, 7].
Kokko further established that the positive potential
was due to the chloride concentration difference across
the tubule (higher in the lumen) since the PD disap-
peared when the chloride concentration in the lumen
was lowered to equal that in the bath by substitution
of methyl sulfate for chloride in the lumen.
The purpose of the present studies was to measure
fluid absorption under these and related conditions in
order to determine the relationship between the fluid
absorption, active electrolyte transport and the elec-
trical PD in proximal convoluted tubules.
Methods
The methods, previously described in detail [21], are
outlined in the following with emphasis on significant
modifications.
Segments of proximal convoluted tubules, 1 to 3 mm
long, were dissected from slices of rabbit kidney cortex
immersed in chilled rabbit serum gassed with 95% 02,
5% CO2. The isolated segment of tubule was trans-
ferred to a perfusion chamber containing rabbit serum
at room temperature and observed through an in-
verted biological microscope. The ends of the tubule
were aspirated into holding pipets similar to those de-
scribed previously [5, 11]. Liquid Sylgard (Dow), con-
tained in large concentrically arranged pipets, was
advanced over the ends of the holding pipets to provide
a seal between perfusion and bathing solutions. After
luminal perfusion was begun, the bath was slowly
heated to 37°C at which temperature all studies were
done. During this time the PD became several milli-
volts more negative as the temperature increased.
After the temperature reached 37°C, a period of at
least 30 mm was allowed to insure a stable PD prior to
beginning an experiment. The perfusate was exchanged
during the experiment using the technique previously
described [22]. The completeness of the exchange was
verified by measuring the 125jactivity in fluid collected
directly from the tip of the perfusion pipet immediately
after an exchange. After each exchange of perfusate, a
period of five to ten minutes was allowed for equili-
bration of the tubule with the new solution prior to
collecting samples. All solutions were perfused with a
microperfusion pump (Sage) at rates between 9 and
16 ni min1.
Ultrafiltrate was prepared from pooled rabbit
serum (Microbiological Associates, Bethesda) using a
membrane (Diaflo XM 50) in an ultrafiltration cham-
ber (Amicon). It was gassed with 95% 02, 5% CO2
yielding a pH of 7.4. The bath, gassed in the same way,
was either pooled rabbit serum or "reconstituted"
serum (see following).
Two artificial perfusion solutions were used. 1) Low
bicarbonate solution contained, in m, the following:
NaCl= 130, NaHCO3=5, Na acetate=10, NaH2PO4
=1, Na2HPO4 = 3, KC1 =5, Ca acetate = 1.8 and
MgSO4= 1.2. This solution was gassed with 95% 02,
5% CO2 yielding a pH of 6.7. The osmolality was
292 mOsm/kg H20. 2) Bicarbonate-free solution con-
tained, in m, the following: NaCl = 135, Na acetate =
10, NaH2PO4 =1, Na2HPO4 =3, KCI =5, Ca acetate =
1.8 and MgSO4 = 1.2. This solution was gassed with
100% 02 and the pH adjusted to 6.7. The osmolality
was 292 mOsm/kg H20.
Bicarbonate-free serum was prepared by titrating
pooled rabbit serum to pH 5.8 with HC1 and gassing
with air at 3°C for 5 to 12 hr. To the bicarbonate-free
serum was then added either 1) an appropriate volume
of 0.16 M NaHCO3 to yield a final concentration of
25 m of bicarbonate ("reconstituted" serum) or
2) an equal volume of 0.16 M NaC1 (bicarbonate-free
serum). These sera were gassed with 95% 02, 5% CO2
or 100% 02, respectively, and the pH adjusted to 7.4.
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The CO2 content of the final sera was confirmed by
direct measurement (Natelson gasometer) after gas
equilibration. The electrolyte concentrations (in
mmoles per liter of serum water) were, in serum and
"reconstituted" serum: Na= 154, Cl= 112, total
CO2 =25; and in bicarbonate-free serum: Na = 154,
Cl= 136 and total C02< 1.
A portion of the bicarbonate-free serum was used to
prepare ultrafiltrate. The resulting bicarbonate-free
ultrafiltrate was divided into two lots and treated in the
same manner as the bicarbonate-free serum already
described herein, yielding bicarbonate-free and "re-
constituted" ultrafiltrates. Both had a pH of 7.4 after
gassing with 100% 02 or 95% 02, 5% C02, respectively.
The osmolality of all sera and ultrafiltrates was ad-
justed, by addition of water, to that of the artificial
perfusion solutions which was 292 mOsm/kg H20
(Bowman-Aminco apparatus).
The transtubular PD was measured through the per-
fusion pipet connected to a calomel half-cell through a
0.16 Na Cl agar bridge. The calomel half-cell was con-
nected to the input of a preamplifier (Transidyne
General Corp., Model MPA 6) and the signal displayed
on a chart recorder (Hewlett-Packard, Model 320).
The circuit was completed through an identical saline
agar bridge from the bath to a reference calomel half-
cell connected to ground through a precision millivolt
reference source (WPI, Model 101) that served to null
any small PD due to electrode asymmetry.
Prior to attaching the tubule, the recorder was set to
zero with the control solution in place. When the
various combinations of perfusates and baths to be
used in the experiments were substituted, there was no
shift in the baseline voltage which remained zero with
no tubule in place. After each experiment, the baseline
voltage was checked again and found to be stable. For
perfusates and baths with ionic compositions similar
to each other, the liquid junction potential between
them at the tip of the perfusion pipet is negligibly
small and the transepithelial PD can be read directly
once the tubule is in place. When bicarbonate is re-
placed by chloride in the perfusate (but not in the
bath), theoretically there is a liquid junction potential
between the solutions; and in order to calculate the
transepithelial PD, a voltage equal to that of liquid
junction must be added to the recorded voltage. For
example, a reading of zero during perfusion of the
tubule indicates that the transepithelial PD is equal to
the potential of the liquid junction that has been re-
placed by the epithelium, not that the transepithelial
voltage is zero. The liquid junction potential is difficult
to measure. As already herein noted, the voltage re-
corded with no tubule in place was zero with the
various combinations of solutions, presumably be-
cause any changes in liquid junction potential at the
pipet tip were counterbalanced by the changes at the
agar bridges. It is also difficult to calculate liquid junc-
tion potentials for complex solutions such as serum.
Therefore, the magnitude and polarity of the liquid
junction potential (Ej between the perfusate and bath
was assumed to be equal to that theoretically present
between simple salt solutions containing the principal
ions in the experimental solutions and was calculated
using the Henderson equation [23]:
F — RT u1/z.(C'—C)1 Cu1L —
u1(C —C) n
where u1 is the conductance of ion i; C, the concentra-
tion of the ion in the lumen; and C, the concentration
of the ion in the bath. The limiting values for u1 at
37°C were derived by extrapolating between published
values at 25°C and 50°C [24]. The solutions were con-
sidered to consist only of sodium (150 mM), chloride
(lumen= 145 mM, bath= 125 mM) and bicarbonate
(lumen =5 mM, bath =25 mM). Thus, during perfusion
with low bicarbonate solution and with serum in the
bath, the calculated liquid junction potential was as
follows:
95 (l45)+56 (5)+65.8 (150)EL = 61.5 lo95(125)56(25)658(15Ø)
= 0.9 mY, perfusate positive.
This value was added to the recorded transtubular PD
in this condition.
The rate of fluid absorption (J) was measured using
1251-iothalamate (Abbot) as a volume marker:
y l25
=
- [—i]
where VL is the collection rate (volume of the con-
striction pipet—time of collection), L is the length of
tubule between Sylgard seals and ['25I]L and [1251]o are
the concentrations of isotope in the collected and per-
fused fluid, respectively.
Samples of perfused fluid were collected under oil in
a constriction pipet of known volume. During perfu-
sion with a given solution, three or four collections
were made to determine J,. These individual samples
were stacked between oil segments in the barrel of the
constriction pipet and then expelled individually and
counted in a gamma spectrometer. The accuracy of the
collecting technique was investigated by stacking be-
tween oil segments alternate samples of fluid contain-
ing either a known amount of radioactivity or none.
There was no loss of radioactivity or mixing of the
samples during pipetting. In addition, there was no
detectable radioactivity in the epithelium of the tubule
Proximal tubule PD and fluid absorption 97
itself after two hours of perfusion with '251-iothala-
mate.
The serum in the bath during tubule perfusion was
collected and replaced with fresh serum every ten
minutes to minimize any increase in osmolality due to
evaporation. Radioactivity was measured in the
collected serum to calculate the "leak" of the labelled
volume marker across the epithelium. The usual "leak"
of the labelled volume marker was equivalent to a fluid
leak of 0.1 to 0.2 nl mm -1,which was less than 2% of
the perfusion rate. When the volume marker entered
the bath at rates much in excess of this at any time
during the experiment, the tubules were considered
damaged and were discarded.
The concentration of chloride in some samples of
collected and perfused fluid was measured using a
modification [9] of the second coulometric method of
Ramsay, Brown and Croghan [25].
Ouabain (Calbiochem) was added to the bath as
specified in the text.
The mean value for PD and fluid absorption rate
was determined from three to four individual collec-
tions during each experimental condition in a given
tubule. The differences between the means of the PD
and absorptive rate in the various conditions in the in-
dividual tubules were also calculated. The summary
data in the text are presented as the mean of the results
in the individual tubules or the mean of the differences
of the paired observations in the individual tubules
the SEM (N= number of tubules studied). Student's t
test was used to determine statistical significance. In
all figures, each point represents the mean, and each
bar, 2 SEM of comparable collection periods for indivi-
dual tubules.
Results
Ultrafiltrate of serum, as perfusate. In order to
facilitate comparison with previous studies, tubules in
the present experiments were initially bathed in rabbit
serum and perfused with an ultrafiltrate of that serum.
In the periods with serum and ultrafiltrate (Figs. 2—5),
mean J was 1.15 ni mm' min1 and mean PD was
—4.4 mY, lumen negative (N= 19), identical to earlier
results from this laboratory (1, 5, 10, 11]. When the
fluid absorption and PD were measured again at the
end of some experiments (Figs. 2 and 3), there was
little change indicating that the intervening experi-
mental manipulations did not cause irreversible dam-
age to the tubules.
Role of bicarbonate. The experiments to be reported
required that bicarbonate be replaced by chloride in
the perfusion or bathing solutions or both. Therefore,
as a control for these studies, the specific effect on PD
Bath Serum Bicarbonate-freeserum Serum
Perfusate Ultrafiltrate Bicarbonate-freeultrafiltrate
Ultrafiltrate
Fig. 1. Effectof removing bicarbonate from both the perfusate and
bath on PD and fluid absorption (Jr) in proximal convoluted
tubules. Each point represents the mean, and the bars, 2 SEM for
comparable collection periods in five tubules. First and third
panels: control periods with reconstituted ultrafiltrate and re-
constituted serum. Middle panel: experimental period in which
all bicarbonate is removed from the solutions. Ten to 15 mm
elapsed between changing solutions and beginning to measure
the PD and fluid absorption.
and J. of removing bicarbonate from perfusion and
bathing fluids was examined in five tubules (Fig. 1).
As indicated in Methods, bicarbonate was removed
from ultrafiltrate and serum by acidification, bubbling
with air and titration to a final pH of 7.4. Isotonic
NaHCOa solution was added back to some of the
solutions ("reconstituted") and an equal volume of
isotonic NaC1 to the rest (bicarbonate-free). During
the control and recovery periods, the reconstituted
ultrafiltrate and serum were used and the mean J was
1.04 and 1.10 nl mm1 min1 (Fig. 1), respectively,
similar to the result with unaltered ultrafiltrate and
serum, given above. With the bicarbonate-free solu-
tions, mean J was 0.99 ni mm' min1, which is not
significantly different. (The mean difference between
the paired observations was 0.08±0.05 ni mm1
mm ', P>.0.1.) Also, there was no significant change
in the PD (Fig. 1). Thus, removal of bicarbonate from
the perfusate and bath had no significant effect on the
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PD or J.,. Rumrich and Ullrich [26] have reported that
removal of bicarbonate from an artificial peritubular
capillary perfusate in rats resulted in a marked decrease
in J as measured by the split-droplet technique. The
reason for the disparity between results is not clear. It
should be noted, however, that the species studied and
the experimental technique differed. In addition,
Rumrich and Ulirich measured J,, immediately after
substituting artificial solutions in vivo, whereas we
measured steady state absorption in vitro ten minutes
or more after the substitution and used serum in the
bath which might contain unidentified buffers lacking
in their artificial solutions.
Role of the chloride concentration d(fference. The
concentration of chloride in the lumen rises as sodium
bicarbonate and water are reabsorbed in the early
proximal tubule in vivo [27, 281. In order to test
whether this occurs in vitro, the chloride concentration
of perfusate and collected fluid was measured in nine
isolated proximal convoluted tubules perfused with
ultrafiltrate and bathed in serum. The chloride con-
centration in the collected fluid exceeded that of the
perfused fluid by 9.8±2.1 mEq/liter, P<0.02, at a
mean perfusion rate of 12 nI min'. (Mean fluid ab-
sorption rate was 1.24 ni mm-1 min' and mean
tubule length was 1.39 mm.) We assume that, as in
vivo, there was an equivalent decrease in bicarbonate
concentration.
In addition to the changes in the concentration of
chloride and bicarbonate, noted above, the concentra-
tions of glucose and amino acids also decrease as they
are reabsorbed from the tubule lumen in vivo [27, 29—
33] or in vitro [34]. Simply omitting glucose and amino
acids from the perfusate in vitro causes the negative
intraluminal PD to decrease to zero [4]. When, in addi-
tion, bicarbonate is replaced by chloride in the per-
fusate, the PD becomes positive in the lumen owing to
the chloride diffusion potential [4]. The purpose of the
following experiments was to investigate J under the
latter circumstance. In five tubules bathed with serum
and perfused with the artificial solution lacking glucose
and amino acid and low in bicarbonate (Fig. 2), the
mean PD was + 1.1 my (lumen positive), confirming
the earlier result [4]. The mean J, in all experiments
with that solution (Figs. 2 and 4) was 0.81 0.05 nl
mm min (N=10), which is significantly less than
with ultrafiltrate in the lumen (1.15±0.07 (N=18)).
Thus, J.. was reduced despite a PD more favorable for
net sodium reabsorption and a concentration differ-
ence more favorable for chloride reabsorption. The
cause of the reduction was not specifically investigated.
It is probable, however, that it is a consequence of the
absence of glucose and amino acids or other solutes
whose transport may be linked to that of sodium.
Bath
Perfusate
Serum Bicarbonate-free serum Serum
Ultrafiltrate
of
serum
Low
bicarbonate
solution
Bicarbonate-
free
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Low I
bicarbonate J
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(Jltrafiltrate
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Serum
Cl gradIent 20oth____0 20
+2
4A
/
I—I—I—f
The specific role of the chloride concentration
difference (higher in the lumen than the bath) was
further investigated by replacing all of the bicarbonate
in both the perfusate and bath with chloride and thus
eliminating the chloride concentration difference
(Fig. 2). The mean PD under these circumstances was
—0.3 0.8 my, which is not significantly different from
zero (P>0.1). Mean fluid absorption was 0.81 nI mm
mm 1 (N= 5), which is not significantly different from
that with the chloride concentration difference present
in the same experiments (0.83 nl mm' min1,N=5).
(The mean paired difference was 0.02±0.06 nl mm'
mm 1, F> 0.5.) Maude [35], using a similar perfusate
in proximal tubules contained in slices of rat renal
cortex, also reported that there was J, without a PD
and accounted for this by proposing that the driving
force was a neutral sodium chloride pump similar to
that believed to exist in the gallbaldder.
Although it is clear that a chloride concentration
difference (higher in lumen than in bath) creates a dif-
fusion potential (positive in the lumen), neither the
-,
1.5
1.0
0.5
Fig. 2. Effect on PD and fluid absorption (J,) ofa chloride con-
centration difference (perfusate > bath) across proximal convoluted
tubules. Five tubules were studied. First panel: control period
with perfusate of ultrafiltrate and bath of reconstituted serum.
Second and fourth panels: chloride concentration in the perfusate
exceeds that of the bath by 20 mEq/liter. Low bicarbonate solu-
tion (high chloride) has been substituted for the perfusate. Third
panel: equal chloride concentration in the perfusate and bath
(both are bicarbonate-free). Fifth panel: postcontrol period in
four of the five tubules with ultrafiltrate and reconstituted serum.
Ten to 15 mm elapsed between changing solutions and beginning
to measure PD and fluid absorption.
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Fig. 3. Effect ofouabain (105M) on PD and fluid absorption (Jr)
in proximal convoluted tubules. Four tubules were studied. The
perfusate was ultrafiltrate. The bath was serum or reconstituted
serum (one. tubule). First panel: control period. Second panel:
ouabain was added to the bath. Measurements of PD and J
were begun immediately after adding the drug. Thfrd panel:
postcontrol period begun 30 mm after substituting an ouabain-
free bath.
positive PD nor the chloride concentration difference
per se can be an important driving force for net sodium
chloride and J, since elimination of the PD and the
chloride concentration gradient did not alter the rate
of J, significantly.
Effect of ouabain. In order to characterize further the
mechanism of fluid transport in the various conditions,
the effect of ouabain was studied. When isolated proxi-
mal tubules are perfused with ultrafiltrate and bathed
in serum, both the negative intraluminal PD and J are
inhibited by ouabain [1—5, 11, 12]. This has been inter-
preted as evidence for active sodium transport since
ouabain is believed to act by inhibiting a sodium-
potassium-dependent adenosine triphosphatase (ATP
ase) that is assumed to be necessary for active sodium
transport across the membranes [36]. In the present
studies, as previously, ouabain reversibly inhibited net
J and the negative PD when the tubules were perfused
with ultrafiltrate and bathed in serum (Fig. 3). In addi-
tion, ouabain also inhibited J under the other condi-
Bath Serum
Perfusate Ultrafiltrate Low bicarbonate solution
IOuabain.l9ii
—6 -
—3 - I±Fk\
u
+3- 1
-l-E
Fig. 4. Effect of ouabain (10 5M) on PD and fluid absorption (Jr)
in proximal convoluted tubules when the PD was positive. Five
tubules were studied. The bath was serum or reconstituted serum
(one tubule). First panel: control period with perfusate of ultra-
filtrate. Second, third and fourth panels: perfusate was low bi-
carbonate solution. The chloride concentration in the perfusate
exceeded that of the bath by 20 mEqjliter. Ten to 15 mm elapsed
between substituting solutions and beginning the measurements
shown in the second panel. Third panel: ouabain was added to
the bath. Measurements were begun immediately after adding
the drug. Fourth panel: postcontrol period begun 30 mm after
removing ouabain from the bath.
tion studied. Fig. 4 illustrates the effect of ouabain on
the PD and J, when the PD was positive due to a
higher chloride concentration in the lumen than in the
bath. Mean 1. decreased to 0.07 nl mm-' min' upon
exposure to ouabain. Mean PD increased slightly to
+2.6 my (mean paired difference of +0.7±0.2 my,
P <0.025). Similarly, ouabain inhibited J when there
was no chloride concentration difference or PD (Fig. 5).
In view of these results, it may be inferred that the ab-
sorptive process in all three states studied involved
active transport of sodium.
Discussion
As reviewed in the introduction, there is evidence
that active sodium transport across proximal convo-
luted tubules perfused with ultrafiltrate and bathed in
serum is responsible for both the negative intraluminal
PD and the associated net J. When tubules are per-
fused with ultrafiltrate and bathed in serum, both the
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Bath Serum Bicarbonate-free serum
Perfusate Ultrafiltrate Bicarbonate-free solution
lOuabainlO5Ml
I1
PD and net J,.. are reversibly inhibited by ouabain.
Under the various other conditions studied in the pres-
ent paper, however, there was no such correlation
between PD and net J. First, during perfusion with a
low bicarbonate solution (lacking glucose and amino
acids) and with serum in the bath, so that the chloride
concentration in the lumen exceeded that in the bath,
there was net J,. and a positive intraluminal PD. Oua-
bain inhibited net J,, in this condition with little change
in the PD. Second, during perfusion with bicarbonate-
free solution (lacking glucose and amino acids) and
with bicarbonate-free serum in the bath, there was net
J,, but no PD. Again, ouabain inhibited the J,, with
little change in PD. Therefore, accepting that active
transport of sodium is involved in net fluid absorption
in the various conditions studied, as inferred from the
results of the ouabain studies, our understanding of the
role or significance of the observed PD in the absorp-
tive process remains obscure.
The relation between the electrical driving force and
J during passage of electrical currents has been ex-
amined experimentally [20] and theoretically [37] in
Necturus proximal tubule. From this it is evident that
the complete analysis requires consideration of multiple
factors such as transference number difference, the
concentration of salt in the lateral intercellular spaces
and circular internal flows of electric current and
solute. The same factors presumably play a role when
the tissue is open-circuited, but a comparable analysis
is not available and there is no simple way to predict
the relationship between the open-circuited transepi-
thelial voltage and the rate of J,. Thus, it is not sur-
prising that the rate of 1,, and the electrical PD are not
closely correlated in leaky epithelia in general and
were not correlated in the present studies.
The complexities of the system also make it difficult
to analyze the mechanism of anion transport. In the
present studies, there must have been net anion trans-
port associated with the absorption of fluid and salt.
The anion transport occurred whether the PD across
the epithelium was positive, negative or zero. Since it
is unlikely that basically different transport mechan-
isms were operating in the different situations, we must
account in some other way for the differences in PD
and their lack of "correlation" with the anion trans-
port. This is difficult, but a number of possibilities
exist which allow one to assume that the PD measured
across the entire epithelium differs from that actually
existing across a membrane within the epithelium
where the active transport step occurs. Thus, the ex-
perimental manipulations may not have affected the
primary active transport step, but only the degree to
which the pertinent intraepithelial PD was detected by
measurement across the entire epithelium.
One possibility is that active sodium transport
causes a PD which in turn drives passive chloride
transport. This is the mechanism of transport in frog
skin [38] and, as already noted herein, has been
thought to account for electrolyte transport in the
proximal tubule. Keynes [39] has noted that a PD
across the pertinent intraepithelial membrane might
not be observed across the whole epithelium if the
transport pathway is via the lateral intercellular spaces.
He extended the standing osmotic gradient model of
Diamond and Tormey [40] and Diamond and Bossert
[41] by suggesting that sodium and chloride transport
might be electrically coupled at membrane level, but
that an internal shunt might prevent the PD from being
developed across the whole epithelium. Specifically, a
sodium pump at the closed end of an intercellular
channel, adjacent to the tight junction, results in a
positive PD within the channel. The PD causes the
movement of chloride into the channel. Fluid moves
into the channel by osmosis and flows axially toward
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Fig. 5. Effect of ouaboio (JO - 5M) 00 PD and fluid absorption (Jr)
in proximal convoluted tubules tn the absence of bicarbonate. Five
tubules were studied. First panel: control period with perfusate
of ultrafiltrate and bath of serum (one tubule) or reconstituted
serum (four tubules). Second, third and fourth panels: bicarbon-
ate-free perfusate and bath (no chloride concentration difference).
Ten to 15 mm elapsed between changing solutions and beginning
the measurements shown in the second panel. Third panel: effect
of ouabain added to the bath. Measurements were begun im-
mediately after adding the drug. Fourth panel: postcontrol
period begun 30 mm after removing ouabain from the bath.
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the open end carrying the salt as in the original model.
Only a small fraction of the PD within the channel
appears across the whole epithelium, however, since
the PD is (by electrical analogy) "in series with the
relatively high resistance of the outer part of the
channel and shunted by the relatively low resistance of
the cytoplasm". One difficulty with this model is that
it requires a relatively low resistance of the cell mem-
branes lining the lateral intercellular spaces, whereas
the resistance of the cell membranes is probably high
[42—45]. Further, it does not explain differences in the
PD in the different experimental situations unless the
electrical characteristics of the lateral spaces are
changed, for which there is no evidence.
A second factor to be considered is that a PD will
develop when there is an unequal concentration of
electrolyte across intraepithelial membranes. The
magnitude and orientation of the PD depends on the
differential permeability of the intraepithelial mem-
branes to cations and anions. The present experiments
were designed to eliminate ion concentration differ-
ences across the tissue as a whole (except in those in
which a chloride concentration difference across the
epithelium was effected to induce a positive PD).
There may have been electrolyte concentration dif-
ferences within the tissue, however, caused by the salt
transport, and these could have caused a small PD as
has been proposed for Necturus proximal tubule [37],
rabbit gallbladder [46—48] and ileum [49]. A PD from
this source might give the false impression that the
transport of cations and anions is electrically linked
when it is not, or alternatively might variably obscure
a PD which does link cation and anion transport
electrically at a membrane level.
An additional consideration is that net fluid move-
ment across the epithelium might generate "streaming
potentials" [50] that also would complicate interpreta-
tion of results.
In view of the multiple possibilities for the origin of
the observed PD in the different states examined, it is
difficult to be certain that the negative PD in proximal
tubules perfused with ultrafiltrate and bathed in serum
is due to active Na transport, as originally proposed,
and as we still believe to be most likely. For the same
reason, we remain uncertain concerning the possibility
of other proposed transport models including 1) a
coupled neutral NaCl pump [35], 2) solvent drag for
NaC1 due to water movement induced osmotically by
the transport of other solutes [51] and 3) a combina-
tion of active and passive sodium transport [52].
Differentiating among the possibilities is complicated
since tests such as the flux ratio and short-circuit cur-
rent may be misleading when applied to a complex
epithelium [53].
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